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Abstract. It is commonly accepted that candidates for very high energy v-ray sources are
neutron stars, binary systems, black holes etc. Close binary systems containing a normal
hot star and a neutron star (or a black hole) form an important class of very high energy
~-ray sources. Such systems are variable in any region of the electromagnetic spectrum and
they enable us to study various stages of stellar evolution, accretion processes, mechanisms
of particle acceleration etc. Phenomena connected with this class of very high energy v-ray
sources are discussed. Particular emphasis has been placed on the TeV energy region.

1. Introduction

The history of very high energy (VHE) ~-ray astronomy goes back to the
1960s, when small groups beginning with small experiments developed the
ground-based techniques that have been used for the next thirty years. The
discovery of photons of TeV energy (and above) from the directions of the
Crab Nebula (Fazio et al. 1972) and Cygnus X-3 (Vladimirskii et al. 1973) in
the early 1970s has aroused the active development of VHE ~-ray astronomy
in the 1980s. It became possible due to new techniques and new methods of
data-analysis, based on the suggestion that the predominant TeV emission is
periodic. During the last decade there have been a number of exciting discov-
eries of new VHE v-ray sources. Among these the detection of VHE ~-rays
emitted by X-ray binaries represents one of most interesting achievements
of ground based 7-ray astronomy. Although reports of experimental groups
are often in conflict, at least four binary systems, sources of TeV photons
(Cygnus X-3, Hercules X-1, 4U115463, Vela X-1) seem well-established.

The importance of X-ray binary systems for the development of modern
physics is beyond question. Such objects present natural laboratories for
studying the fundamental properties of matter in extreme physical condi-
tions. These are: the strong magnetic and gravitational fields in the vicinity
of a neutron star, the large amounts of mass transferred from a normal com-
panion to the neutron star, and the neutron star itself at last which presents
a bulk of matter in a state unattainable in terrestrial laboratories. Moreover,
as it is became clear since the detection of TeV y-rays, such fast rotating
degenerate stars are powerful accelerators of particles up to energies well
exceeding those of man-made machines.
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2 1. V. MOSKALENKO

During the thirty years of the space astronomy era, thousands of papers
have been devoted to the physics of X-ray binary systems. No one can
give a complete description of the achievements in this field in a single
paper. For this reason the reader is referred to a number of excellent books
and reviews. Evolution of X-ray binaries, their phenomenology, mechanisms
driving the mass transfer were extensively discussed by, e.g., Shakura &
Sunyaev (1973), Pringle (1981), Bradt & McClintock (1983), Shapiro &
Teukolsky (1983), Joss & Rappaport (1984), more recent Hunt & Battrick
(1989), Bhattacharya & van den Heuvel (1991), Lewin et al. (1993), very
extensive references can be found in Aslanov et al. (1989). A large amount
of new data was obtained with X-ray satellites (Nagase 1989; van der Klis
1993), and ground-based technique in TeV and PeV ~v-rays (e.g., see reviews
by Protheroe [1987], Chadwick et al. [1990], Fegan [1990], Vacanti [1990],
Weekes [1988, 1992]). A special issue was devoted to Cyg X-3 (Bonnet-
Bidaud & Chardin 1988). Many topics of astrophysics of cosmic rays and
~-astronomy in general have been covered in a book by Berezinsky et al.
(1991).

The aim of this work is to give a critical analysis of results related to one
kind of VHE ~-ray sources: close binary systems. The paper is organized
in the following way. In section 2 we overview processes in X-ray binaries
in general. Observed properties of several X-ray binary systems are briefly
discussed. Section 3 is devoted to models for VHE v-ray production. Prop-
agation of VHE ~-rays from the site of their production to an observer is
considered in detail in section 4.

The following terms are generally accepted in v-ray astronomy. The term
TeV is common to denote the energy region within ~ (0.1 — 100) x 102 eV
and the term PeV stands for the region ~ (0.1 —100) x 10'5 eV. Besides, the
term very high energy (VHE) usually denotes the energies, accessible to the
atmospheric Cherenkov technique (~ 0.1 —10 TeV) and is used in the same
meaning as the TeV term. Energies above 100 TeV, where particle detector
arrays are used, are related to ultra high energies (UHE).

2. X-Ray Binary Systems

2.1 A GENERAL VIEW

X-ray binary systems containing a neutron star and a normal hot star form a
considerable proportion of objects reported as TeV and PeV sources (Table
I). Two broad classes of X-ray binaries can be distinguished. In high-mass
X-ray binaries, the early-type companion star, typically an OB supergiant,
has a mass in excess of 10Mg. Low-mass X-ray binaries contain a companion
with a mass below 1Mg, which may be a main-sequence star, a white dwarf
or a red giant.

Several X-ray binaries are schematically shown in Fig. 1. Most of X-
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TEV EMISSION FROM CLOSE BINARIES 3

ray binaries has well-defined orbits, that allows us to analyze and interpret
observational data. An effective way to determine the orbital parameters of
such a binary system is to measure the orbit of an X-ray pulsar by tracking
its X-ray pulses (Joss & Rappaport 1984), although the parameters obtained
by various authors still differ. Orbital parameters of several binaries deter-
mined by this mean (exception: Cyg X-3) and temperatures of the visible
companions obtained using their spectral classes (Bradt & McClintock 1983;
Allen 1973) are summarized in Table II.

The X-ray luminosity of such systems is derived from the gravitational
potential energy that is released near or on the surface of the neutron star by
the infalling gas. The power developed by matter falling into a gravitational
potential is given by L = GM M /R,,5, where (i is the gravitational constant,
M is the mass accretion rate, M is the mass of the neutron star, and R,
is its radius. For a typical neutron star the energy liberated (in a steady
state) is of the order of 10% of the rest mass energy of the infalling material.
For sufficiently high mass accretion rates (M =~ 1.5 x 107%Mg yr=!) the
energy released approaches the Eddington limit at which radiation pressure
balances gravity (L ~ 1.3 x 10°[M/Mg] erg/s, in the case of the spherical
symmetric accretion).

X-ray binaries tend to show very different behaviour, defined primari-
ly by the mass transfer processes (Bhattacharya & van den Heuvel 1991).
Wind-fed systems have relatively low X-ray luminosity (Vela X-1, GX 301-2,
4U 1538-52) apart from disk-fed systems (Sco X-1, Her X-1, Cen X-3, 4U
0115463), which indicate luminosities one order of magnitude higher and
even super-Eddington luminosities (LMC X-4 and SMC X-1), see Table III.

Early-type stars lose considerable amounts of matter in the form of a
stellar wind. A small fraction ~ 107° of the wind mass flux captured by the
neutron star is sufficient to yield a 2 x 10%° — 2 x 1036 erg/s X-ray source.
Mass accreted from a stellar wind has a low angular momentum so that a
permanent accretion disk is unlikely to form. The X-ray luminosity in such
systems is very sensitive to small fluctuations in the wind velocity. Their
orbits are relatively wide and have considerable eccentricities. These systems
contain the X-ray pulsars with long pulse periods, of the order of hundreds
of seconds, which show alternating spin-up and spin-down episodes.

In more close binaries the companion star approximately fills its criti-
cal potential lobe (Fig. 2), that allows gas to escape from its surface near
the inner Lagrangian point and to flow towards the neutron star. Matter
transferred in this way carries a considerable amount of angular momentum
with respect to the compact object, and forms a large (R ~ 10'° — 10!
cm), optically thick accretion disk. The viscous forces in the gas cause it to
fall slowly on the neutron star. Her X-1, Cen X-3, LMC X-4, and SMC X-1
show clear evidence for the presence of a sizable accretion disk indicated
by optical, UV, and X-ray observations. The accreting matter transfer its
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4 1. V. MOSKALENKO

angular momentum, which results in a continuous shortening of the pulse
period. These systems have shown trends of the spin-up phenomenon and
have short pulse periods.

In this picture there are no indications that X-ray binaries might also be
sources of cosmic rays and/or VHE ~-rays such as have been observed. It is
only apparent that the VHE radiation is associated with charged particles,
whose individual energies exceed the energy of the observed gammas. There
is not yet firm theoretical understanding how these particles might reach
ultra-high energies, but models include the use of huge potential drops result-
ing from the unipolar induction mechanism operating in an accretion disk
(Chanmugam & Brecher 1985; Cheng & Ruderman 1989, 1991) and shock
acceleration (Eichler & Vestrand 1985; Kazanas & Ellison 1986; Kiraly &
Meszaros 1988). The v-rays are produced through interactions of the beam
with matter in the binary system. The same object may also be a source of
other kinds of high-energy particles, such as neutrons and neutrinos.

We shall now discuss briefly data on several X-ray binaries reported as
TeV sources, which are mostly shown in Fig. 1. For a comprehensive analysis
of the data we refer to numerous reviews cited in the Introduction.

2.2 VeLA X-1, GX 301-2, 4U 1538-52

Satellite X-ray observations of wind-fed systems, showing that absorption
varies strongly with orbital phase, imply that winds from companions are
not quite spherically symmetric. Intervals of high absorption accompanied
by an excess in low-energy X-ray radiation, as compared to what is expected
from photoelectric absorption by cold material (Haberl 1991a). Such high-
density regions can be quite extended in angle in the orbital plane, but they
may not extend far above the orbital plane, and they may be filamentary in
nature (e.g., Blondin et al. 1990).

Vela X-1 and GX 301-2 show similar behavior. Exceptionally high absorp-
tion in Vela X-1 was observed by EXOSAT (Haberl & White 1990) near
phases 0.3 and 0.5 (phase 0 corresponds to the mid-eclipse), and is also evi-
dent in the 1983 Tenma spectra (Nagase 1989). Increases in the absorbing
column density last from minutes to many hours. Modelling calculations
show that it can be explained qualitatively by absorption and scattering in
high-density regions, which appear as an accretion wake or a gas stream,
originating at the inner Lagrangian point and trailing behind the neutron
star (Haberl & White [1990], Haberl [1991a], see also Lewis et al. [1992]
and references therein). Perhaps, such a gas stream trails the neutron star
without being accreted.

In the case of GX 301-2 simple spherical symmetric models also failed to
reproduce its X-ray light curve. However, it could be explained with a dense
gas stream from the companion trailing the X-ray source (Haberl 1991b).
Due to the variable orbital velocity, the neutron star moves twice through
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the spiral-shaped gas stream causing a strong excess in low-energy X-rays
near phase 0.7, when the neutron star lies in front of the companion, and a
second broader maximum around phase 0, which corresponds to the neutron
star lying behind the companion. An inhomogeneity in the stellar wind can
explain also episodes of increased absorption of X-raysin 4U 1538-52 (Robba
et al. 1992).

Persistent emission of VHE ~-rays from Vela X-1 is well established
(Chadwick et al. 1990), apart from GX 301-2 and 4U1538-52 for which no
evidence for TeV/PeV emission has been yet found. The orbital modulation
is weak (Raubenheimer et al. 1989), there are also strong outbursts through-
out the binary orbit. Episodes of enhanced emission have been observed at
energies ranging from TeV to PeV at phases 0.68 (> 0.3 TeV, Bowden et
al. [1992a]), =~ 0.51 (> 110 TeV, Suga et al. [1987]), =~ 0.13 (> 800 TeV,
van der Walt et al. [1987]), and ~ 0.50 — 0.54 (> 3000 TeV, Protheroe et
al. [1984] and Meyhandan et al. [1992]). As an example, Fig. 3 shows data
collected by the Potchefstroom group.

2.3 CEN X-3, SMC X-1, LMC X-4

Other group of massive X-ray binaries, Cen X-3, SMC X-1, and LMC X-
4, has almost circular orbits and indicate a trend of the neutron star to
spin-up. These binaries show a noticeable rate of the orbital period changes
(Kelley et al. 1983; Deeter et al. 1991; Levine et al. 1991, 1993) due to the
tidal interaction. Optical observations of the companions have shown that
the X-ray source has an accretion disk that is fed by Roche-lobe overflow
(Bhattacharya & van den Heuvel 1991). The intense stellar wind and other
circumstellar matter plays an important role in such systems as the site of
scattering and absorption of X-rays from the neutron star.

Extensive X-ray observations of Cen X-3 were carried out over the last 20
years (see for reviews Day & Tennant [1991], Nagase et al. [1992], van der Klis
[1993]). Evidence for the presence of material trailing behind the neutron
star was provided by X-ray measurements at 2.5-7.5 keV obtained with
the Copernicus observatory (Tuohy & Cruise 1975). Absorption dips were
found after phase = 0.5. Ariel-5 observations have shown strong absorption
between phases 0.5 and 0.75 (Pounds et al. 1975), that was attributed to the
existence of an accretion wake (Jackson 1975). Recent observations with the
Ginga satellite have also shown a stable structure appearing as pre-eclipse
dips at phases 0.6-0.9 and 0.65-0.8 , where the X-ray flux above 15 keV is
reduced to a quarter of its post-egress value (Nagase et al. 1992).

LMC X-4 exhibits intensity variations over a wide range of time scales.
Large X-ray flares are observed about once per day, the X-ray intensity
increases by a factor of up to ~ 20 for a duration of ~ 30 minutes (e.g., White
1978; Kelley et al. 1983; Pietsch et al. 1985; Dennerl 1989; Levine et al. 1991).
Flare activity does not show any correlation with orbital phase (Skinner et al.
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6 1. V. MOSKALENKO

1980). T'wo very large flares were detected with Ginga; the source luminosity
sometimes exceeded ~ 5 Eddington luminosities. An analysis of the energy
dependence indicates that during flares the spectrum becomes progressively
softer. The appearance of the 13.5 s pulsations with an enhanced and very
large modulation amplitude clearly indicates that the flare results from an
increase in the accretion rate (Levine et al. 1991). An =~ 30 day period in the
optical and X-ray intensity (Lang et al. 1981) is thought to be associated
with precession of the accretion disk.

Flare activity, quasi-periodic oscillations, as well as high- and low-intensi-
ty states have been found also in SMC X-1 (e.g., Bonnet-Bidaud & van der
Klis 1981; Angelini et al. 1991).

At TeV energies these objects are worse studied. Discussions on this sub-
ject can be found in reviews by Fegan (1990) and Chadwick et al. (1990).

Evidence for > 0.25 TeV 7-ray emission from Cen X-3 was first reported
by the Durham group at phase around 0.8 (Carraminana et al. 1989a),
which corresponds to the neutron star in the vicinity of the ascending node.
Further measurements by the Durham group (Brazier et al. 1989) and the
Potchefstroom group (North et al. 1990) confirmed VHE emission at this
phase, while a detailed search by Thornton et al. (1991) covering the phase
range 0.7-0.9 did not yield any evidence for the emission. New analysis of
data over four years (1986, 1988-1990) performed by North et al. (1991b)
has shown a broad sinusoid with maximum at phases 0.52-0.76 (Fig. 4),
which coincide with a position of the accretion wake (Jackson 1975).

Detection of LMC X-4 and SMC X-1 at TeV energies has only been
reported by the Durham group (Brazier et al. 1990). Pulsed VHE ~-ray
emission has been found at phases 0.5 to 0.7 for LMC X-4, and around
phases 0.25 and 0.75 for SMC X-1. Neutral emission above 2 x 107 eV
has been recently observed from LMC X-4 at phases 0.1-0.2 and 0.6-0.7
(Meyhandan et al. 1992). The first phase range agrees with detection at 106
eV (Protheroe & Clay 1985; Meyhandan et al. 1992), the last one agrees well
with the TeV detection.

2.4 (CvyaNuUs X-3

Cygnus X-3 is an enigmatic object and for this reason it has intrigued astro-
physicists since its discovery (Vladimirskii et al. 1973). It is probably a close
X-ray binary system. Its IR, X-ray and VHE radiation is modulated by a
4.8h period, which is very stable and is normally assumed to be an orbital
period. The object has not been seen at optical wavelengths due in part
to its location in the galactic plane at a distance of at least 10 kpc from
the Sun. For a detailed review the reader is referred to Bonnet-Bidaud &
Chardin (1988) and van der Klis (1993), see also discussions in Mitra (1991,
1992).

The nature of the companion star is still unknown. It could be a red
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dwarf, a white dwarf, or a helium main-sequence star. Recent advances in
IR instrumentation have allowed for near-infrared spectroscopy, which shows
strong, broad emission lines reminiscent of those of a Wolf-Rayet star (van
Kerkwijk et al. 1992). The Wolf-Rayet spectrum of Cyg X-3 probably indi-
cates a strong stellar wind, which is optically thick in the IR, out to dis-
tances, larger than the orbital separation. The observed rate of increase of
the orbital period of Cyg X-3 allows to estimate the rate of mass loss from
the companion, that, in turn, gives an estimation of the companion mass as

Fig. 5 shows the evidences for TeV and PeV emission from Cyg X-3 col-
lected by Protheroe (1987). The early observations (pre-1980) indicate VHE
~-ray emission at phases &~ 0.1—0.2 and 0.7-0.8, all the later observations at
TeV energies are clustered around 0.6-0.7. This general agreement in phase
of emission is very striking and implies that Cyg X-3 is a powerful emitter
of VHE ~-rays.

More recent evidence for TeV emission was found by the Durham Group,
which has detected 12.6 ms pulsations (Chadwick et al. 1985a). A period-
ic signal has been observed in episodes near the phase of X-ray maximum
(around phase 0.6) through several years (Bowden et al. 1992b) and has
been confirmed by the Adelaide group (Gregory et al. 1990). Such pulsa-
tions, however, have not been seen in several other TeV experiments. For a

discussion see Chadwick et al. (1990) and Weekes (1992).

2.5 Her X-1

The nature of the X-ray binary system Her X-1 is clear. The companion
star has a mass of = 2.2M, placing this system intermediate to high- and
low-mass X-ray binaries. The system was also observed in the IR and visible
bands and «-rays. Three periods have been detected in X-rays: a 1.24 s spin
period, a 1.7 d orbital period, and ~ 35 d variations consisting of alternating
high on and low on states of 11 and 5 days duration, respectively, separated
by intervals of relatively low X-ray flux (Jones & Forman 1976). The 35 d
periodicity is usually treated as resulting from precession of the accretion
disk (e.g., Crosa & Boynton 1980), although free precession of the neutron
star is also considered (e.g., Bisnovatyi-Kogan et al. 1990). For a discussion of
observational features see, e.g., Hutchings et al. (1985), Deeter et al. (1991)
and references therein.

Her X-1 is probably the most extensively observed binary source at TeV
and PeV energies. The detection of TeV v-ray emission was first reported
by the Durham group (Dowthwaite et al. 1984). The behaviour of Her X-1
at VHE is not yet well understood. Reported episodes of TeV/PeV emission
last between a few and 100 minutes. The outbursts do not have a clear
correlation with the orbital or 35 day precession periods. Emission occurs at
all phases including the phase corresponding to the X-ray eclipse. A detailed
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8 1. V. MOSKALENKO

discussion on this subject can be found in reviews by Weekes (1988, 1992)
and Chadwick et al. (1990).

2.6 4U 0115463

It is a recurring transient X-ray pulsar with a Be-star companion. Outbursts
observed are not related to the orbital phase, but are caused by sudden
enhancement of the mass loss of the Be star (Rose et al. 1979). In several
cases a period of X-ray activity was found to be preceded by the onset of
optical brightening (Kriss et al. 1983).

The detection of TeV v-rays pulsed at the 3.6 s period was first reported
by the Durham group (Chadwick et al. 1985b), although the object may
also have been detected earlier (Stepanian et al. 1972). 4U 0115463 can be
regarded as an established, but possibly sporadic VHE 5-ray source (Chad-
wick et al. 1990; Weekes 1992). There is no evidence for any preferred orbital
phase for the emission.

3. Models for VHE Gamma-Ray Production

The VHE ~-ray production in binary systems seems to be clear, apart from
the cause of the observed periodicity in the y-ray flux. The VHE ~-rays (and
y-rays of higher energies) are thought to result from the decay of energetic
m0-mesons produced by the interactions of accelerated protons (or nuclei)
with matter or a background radiation. Along with the direct production,
m9%-mesons occur also due to decay of various mesons and hyperons. The
decay modes and branching ratios of all corresponding reactions are well-
known, which allows one to calculate the vy-ray spectrum.

In the astrophysical context, the production of high-energy ~-rays (and
neutrinos) in pp-interactions (e.g., Stecker 1970; Levy & Goldsmith 1972;
Stephens & Badhwar 1981), and py-interactions (e.g., Stecker 1973, 1979)
by relativistic protons has been discussing during more than thirty years.

A target material for accelerated particles could be a companion star
(Vestrand & Eichler 1982; Berezinsky et al. 1985; Gaisser & Stanev 1985), X-
ray photons around the neutron star (Mastichiadis 1986; Rudak & Meszaros
1991), an accretion disk (Protheroe & Stanev 1987a; Slane & Fry 1989;
Cheng et al. 1991, 1992), a gas tail (Hillas 1984), interstellar matter (e.g.,
Stephens & Badhwar 1981; Berezinsky et al. 1993), or giant molecular clouds
(Aharonian 1991). Interactions of cosmic rays with the solar surface have
been studied by Moskalenko et al. (1991a), Seckel et al. (1991), and Moska-
lenko & Karakula (1993a). Kazanas & Ellison (1986) considered 7%-produc-
tion by relativistic neutrons. The influence of a strong magnetic field was
analyzed by Dermer (1990). Various production mechanisms of VHE ~-rays
and neutrons, as applied to Cyg X-3, were discussed by Bednarek (1992).
For a recent review of y-ray and neutrino astronomy in general we refer to
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Berezinsky et al. (1991).

The efficiency of VHE ~-ray production in the matter surrounding a
source of VHE protons has been analyzed in detail by Stenger (1984). It
was shown that the maximum efficiency of VHE ~-ray production occurs
at a column density of =~ 50 g/cm?. Under such condition 1 TeV photon
emission can be as much as 2.6% of the proton intensity at 1 TeV, for an
FE~?% proton spectrum. Somewhat less efficiency, > 0.5 of maximal, occurs
in the range ~10-130 g/cm?. Too few matter will not yield any observable
intensity of y-rays, while too much matter will lead to their total absorption.

The calculation of the efficiency of VHE ~-ray production in py-collisions
seems to be much more complicated, because it depends severely on the
spectrum of background photons, and their angular distribution, moreover,
the VHE v-rays produced are subject to ~y-pair attenuation that causes a
pair-Compton cascade. For the mental picture, when protons lose all their
energy via photopion production in the absence of the pair-Compton cascade
the efficiency (Karakula et al. 1994) would be as high as 2K*~%/a, where
K is the inelasticity coefficient, and « is the spectral index of the proton
spectrum. This happens in the case of a thin photon field around a particle
source when a high magnetic field nearby is capable of trapping protons.

A number of models have been put forward for the explanation of the
VHE ~-ray light curves observed from X-ray binaries. The light curve of
Cygnus X-3 has attracted the greatest interest. In the following we will
concentrate on the main physical scenarios in which the above mechanisms
of y-ray production have been applied.

In an early explanation by Vestrand & Eichler (1982), it was suggested
that particles are accelerated near the neutron star and emitted isotropically.
At two points in the neutron star orbit, the atmosphere of the companion
star acts as a target for the VHE particles (see Fig. 6a). This model accounts
for the narrow pre- and post-eclipse pulses, which correspond to the orbital
phases = 0.15 and = 0.85, accordingly. The duty cycle of the pulses and their
phase separation are determined by the geometry of the system. Besides,
the luminosity of the pulsar in the VHE particles must be much higher than
the observed 7-ray luminosity, since only a small fraction of the particles
interacting with the companion atmosphere gives rise to the observed y-ray
flux.

Indeed, the early observations (pre-1980) of Cygnus X-3 indicate VHE -
emission at phases =~ 0.1 —0.2 and = 0.7 — 0.8, but all the later observations
have shown the strongest emission at phases =~ 0.6 —0.7 to be near the phase
of the X-ray maximum (Fig. 5). Here the neutron star is assumed to be in
front of the companion, which seems to rule out the stellar atmosphere as
the target.

A model has been proposed by Hillas (1984) in which a high-energy pro-
ton beam falls on the companion star producing a fountain of stellar matter.
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10 1. V. MOSKALENKO

In this case, the target material is a gas tail consisting of the lifted matter,
and the orbital motion is responsible for the asymmetry (Fig. 6b). Protheroe
& Stanev (1987a) suggested another possibility, basing on the accretion disk
corona model by White & Holt (1982) developed to explain X-ray light curve
of Cyg X-3. Authors find that two bulges in the outer rim of the accretion
disk, which are required to fit the observed X-ray light curve, could pro-
vide target material for the production of the «-rays observed at two dis-
tinct phases (Fig. 6¢). The 4.8h periodicity can be caused by motion of the
bulges, which are orbiting the neutron star with the orbital period of the
binary system. The observed variability in flux and phase of y-ray emission,
in the model, may be connected with magnetic steering effects.

Magnetic steering of particle trajectories in the magnetic field of the
companion was suggested by Gorham & Learned (1986) in order to explain
observations of the pulsating TeV v-ray signal during the nominal 6-h X-ray
eclipse of Her X-1 by HZ Her. A similar model, as applied to Vela X-1 and
Cen X-3, was considered by Mannings (1992).

All models can be split in two categories, those which suggest y-ray pro-
duction far from the neutron star, and others where the VHE ~-rays are
assumed to be produced in the vicinity of the neutron star. Models of the
first type like that of Vestrand & Eichler (1982) can easily explain the orbital
periodicity in vy-ray flux from clear geometrical consideration, but the phase
of the emission is difficult to understand and the particle luminosity must be
too high to provide the observed vy-ray flux. The second-type models seem
to be more attractive from the view point of energy budget, but the correct
phase of the y-emission requires (Protheroe & Stanev 1987a) invoking of a
special configuration of the magnetic field, a monoenergetic particle beam
etc. The most preferable scenario appears to be one with an accretion wake
as a target (a scheme like that of Hillas [1984]). However, as we show in
section 4.2, the orbital modulation of the VHE ~-ray flux should probably
take place in massive binaries even in the case of originally steady vy-emission
(e.g., as in the models of Slane & Fry [1989], Cheng et al. [1991]), while the
first-type models could be applicable at UHE. Obviously, in this case the
VHE and UHE v-ray light curves could be essentially different.

4. Propagation of VHE Gamma-Rays

Being produced, VHE ~-rays consequently pass through regions with various
physical conditions, which have a strong influence on the observed ~v-ray flux.
These regions can be separated into
— near a neutron star environment filled with accreting matter, X-ray
photons, and a strong magnetic field;
— space in a binary system filled with IR, visible, and UV radiation of a
companion star and a gas shell around the system;
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TEV EMISSION FROM CLOSE BINARIES 11

— interstellar space contains 2.7 K background photons.
Everywhere the two-photon pair production vy — ee is likely to absorb
a part of VHE photons. Besides, one-photon pair production is possible
in a strong magnetic field near the neutron star, together with Compton
scattering™ and the pair production in accreting gas or the companion star
matter in the system.

The kinematics of the reaction of two-photon pair production is well-
known. It has a threshold, since the energy of two colliding photons in the
center-of-mass system should exceed the rest mass of the electron-positron
pair (2mc?). Therefore

eE, > 2m?*c*/(1 — cos V), (1)

where € and F, are the energies of the photon and the y-quantum respective-
ly, 9 is the angle between the momenta of the two photons in the observer
frame. Taking e = 1 eV and ¥ = 90° one can obtain that y-rays of > 0.5 TeV
should be absorbed. There will be no absorption if a source of soft photons
lies behind the source of TeV ~-rays, since cos? = 1 in this case.
The total cross section of the process vy — ee is known from QED (Jauch
& Rohrlich 1980)
mr?
mp = =B - B s - @

where 7. = €?/mc? is the classical electron radius, § = (1 — m?¢*/e2)/2,
and &, is the photon energy in the center-of-mass system. The cross section,
-3/2

after reaching a peak a little above threshold, decreases roughly as e,
The optical depth for VHE ~-rays is given by

dN (e,
Ty = //// didﬂ ?) Oy (e, By cosd)(1 — cos V) dedQdz,  (3)

where IVE2) 5o the differential number density of background photons at

the point Zc, € is the solid angle, and the integral is taken along the path of
the y-rays.

For an isotropic distribution of background photons, the absorption prob-
ability per unit of path length (the inverse mean free path) is

d
Ty =3 //UW (1 — cos¥) sin 9ddde, (4)
dz de
and falls with increasing ~-ray energy. If the spectrum of photons is the
blackbody type, then the number density of photons per an energy interval

* we do not consider interactions with matter, although photons leave the primary

beam that is equivalent to absorption.
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12 1. V. MOSKALENKO

is expressed as

dN (¢) 1 e?

de n(e) = 72(he)d esl*T _ 1 (5)

However, a mere calculation of the optical depth for the absorption is not
sufficient. The absorbed v-rays will produce electron-positron pairs, which
will emit, in turn, +-rays in inverse Compton scattering or more pairs in
collisions with ambient photons, and will cause to a pair-Compton cascade.
In this case, one has to solve the transfer equation for photons, taking into
account their absorption and re-emission.

While two-photon pair production is a familiar and well-studied process
in free space, one-photon pair production is truly exotic, as it probably only
occurs in astrophysical sources (see Harding [1991] for a review of processes
in strong magnetic fields). A single-photon pair production in the presence
of an external magnetic field was first described by Klepikov (1954), but
it did not receive much attention until the discovery of pulsars in the late
sixties.

The threshold for producing a pair in the ground state is 2mc?/sin 6,
where 6 is the angle between the photon momentum and the magnetic field
B. Because of the quantum nature of this process, the cross section shows a
complex sawtooth structure with a resonance peak at each of the pair state
thresholds. An asymptotic expression for the mean free path [ of a photon
of energy I, is (Erber 1966; see also Harding 1991)

Ae B, 5.31exp(4/3x) x < 1,
| = ————X 1/3 (6)
a Bsind 3.33x x> 1,
where
_ E, Bsin 0
X= 2me?2 B,

A is the electron Compton wavelength, « is the fine structure constant, and

B, = m;cS ~ 4.4 x 10" Gs. So the process becomes important for y-rays of
~ 1 TeV in magnetic fields above ~ 4 x 106 Gs.

Let us trace consequently the way of «v-rays from the region of their
production to an observer.

4.1 NEAR THE NEUTRON STAR ENVIRONMENT

Two factors at least operate in the vicinity of the neutron star. The X-rays
emitted by matter falling onto the neutron star can provide a very effec-
tive medium for ~y-pair absorption of VHE ~-rays. If 4-rays were produced
somewhere close to the inner rim of the accretion disk, a strong magnetic
field in the immediate neigbourhood of the neutron star surface can pro-
vide their conversion into electron-positron pairs. These lead to attenuation
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TEV EMISSION FROM CLOSE BINARIES 13

of the v-ray flux in certain energy regions. Let us consider these factors in
some detail.

4.1.1 The Accretion Disk Corona

Using Cyg X-3 as an example, the absorption of VHE ~-rays in the radiation
field of the accretion disk corona (in a model by White & Holt [1982])
has been considered by Protheroe & Stanev (1987b). In this model, X-rays
produced near the neutron star are scattered in a high-temperature optically
thick cloud of gas (the corona), which may result from evaporation off the
accretion disk due to X-ray heating. This cloud would therefore appear as
an extended source. Evidence of such a corona is actually shown by several
X-ray binaries (Mason 1989).

The absorption length was calculated, assuming an isotropic radiation
field at a spherical region of fully ionized gas of radius X = 0.7Rg, and
temperatures 107 and 6 x 107 K (Fig. 7). If a modulated component of
the IR emission of Cyg X-3, FF = 4 mJy at 2.2 um, is due to thermal
bremsstrahlung from the corona, then the mean free path of y-rays would
be as small as &~ X/5 at 1 TeV.

This calculation can be considered as an example, since the temperature
of the gas is unlikely to be too high. Recent instrumental improvements have
made possible near-infrared spectroscopy, which shows the presence of lines
of relatively low excitation in the IR spectrum (van Kerkwijk et al. 1992).
It seems inconsistent with any model for Cyg X-3 that requires a very high
temperature (> 106 K) in the IR-producing region such as an accretion disk
corona model.

4.1.2  The Radiation Field of the Accretion Disk

The radiation field of an accretion disk is essentially anisotropic and calcula-
tion of the attenuation effect is more interesting as well as more complicated.
An effect of such field on VHE v-ray flux has been studied by Carraminana
(1992) and Bednarek (1993).

Both models used include the following assumptions. In the standard
picture, accretion disks are formed by thin concentric circles emitting in
thermal equilibrium (Pringle 1981). The temperature T" at any point of the
disk is dependent only on the circle radius R,

T = Traw(R/Rns) =/, (7)

where R,s =~ 10 cm is the radius of the neutron star. T,,,, is the charac-
teristic blackbody temperature of the disk determined by the accretion rate
M as

: 1/4 1/4 -1/2
3GMM L, R,
Thae = | —————— ~ 1.234 k —_— ,

(871'0551%28) 3 keV (1037 erg/s) <106 cm) (8)
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14 1. V. MOSKALENKO

where L, = GMM/QRM is the luminosity of the disk and oy, is the Stefan-
Boltzmann constant. Photons emitted by a disk range from medium hard-
ness X-rays at the centre of the disk to infrared at the edge.

The models include VHE ~-ray production at the co-rotation radius (Car-
raminana 1992), R.,, defined as the radius where the Keplerian rotation of
the disk equals the spin rate of the star,

1/3
GMP2, . M \Y3 [P, \2?
o= [ E2 et ) 1691 ,
It ( 472 ) 69> 107 em <1.44M®) ( 1s ) )

here P, is its spin period, or at a radius R, that is a free parameter
Rin < Ry < Ryt = 3 x 10° cm (Bednarek 1993), whereas the inner radius
of the disk, R;,, was chosen close to the Alfven radius

I, —2/7 B 4/7 R 10/7
=3 x 10° — : ns 10
ra X e <1037 erg/s) <1012 Gs) <106 cm) - (10)

where Bj; is the surface magnetic field strength.

The optical depth could be obtained from eq. (3) by integrating along
the y-ray path. In order to simplify calculations, photons from the disk are
assumed to be emitted only at right angles to the disk plane (Carraminana
1992). Therefore, if VHE ~-rays are emitted radially towards an observer,
the inclination angle 7 of the orbital plane corresponds to the angle between
high energy ~v-rays and photons from the disk.

Although the model for the radiation field of the accretion disk considered
by Bednarek (1993) is different, because it includes the isotropic emission
of photons by each surface element of the disk, the results obtained for the
three binary systems (Vela X-1, Her X-1, and Cen X-3) are similar to those
of Carraminana (1992).

The model was applied to the following binary systems, reported as TeV
sources: Vela X-1, 4U 0115463, Cen X-3, Her X-1, Sco X-1, Cyg X-3. The
X-ray luminosities L, inclination angles ¢, and rotation periods F,,:, which
are close to those used for the calculations, are listed in Tables I and I1I. The
compact object was implicitly assumed to be a neutron star (M = 1.44 Mg
and R, = 10° cm).

Figure 8 shows the transmission of v-rays, exp(—7,,), as a function of
their energy in the system considered. These can be grouped as follows:

Vela X-1 is transparent to high energy photons and no effect on its high
energy spectrum is predicted.

4U 0115463, Cen X-3 and Her X-1 show a dip in the GeV-TeV region
of their spectra. The transmission is low for £, between ~ 10 GeV and ~ 1
TeV for the Cen X-3 and Her X-1 systems. A slow increase begins at £, ~ 1
TeV.
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TEV EMISSION FROM CLOSE BINARIES 15

The two systems, Sco X-1 (i = 30°) and Cyg X-3, show total absorption
in large regions of their spectra. It is clear that absorption is severe and
~-rays cannot be emitted from the co-rotation radius that is too close to the
neutron star.

Fig. 6 shows examples, Her X-1, and 4U 0115463, of how spectra resulting
from pair absorption can appear. Taking an input power law with a slope
of 2.5, the effects of the absorption and a pair-Compton cascade are shown.

4.1.83  Effect of the Magnetic Field

In most cases the effect of one-photon pair production reaction is small or
negligible at TeV energies (e.g., see Bednarek 1993). If a dipolar structure
of the magnetic field is assumed, B(R) = Bs;R>_/R>, then one can estimate
from eq.(6) 1/x > 58.6 — 2 In R, where B, = 10'% Gs is the surface magnetic
field strength, R,; = 10® cm, and where we took [ > 10'° cm as comparable
to the accretion disk size. Taking R equal to the Alfven radius ry = 3 x 108
cm (eq.[10]), we obtain x < 1/15. It defines the y-ray energy region where
the effect is negligible as E.(eV) < 3 x 10'®/[B(Gs)sin#]. For the upper
limit of the effect, again R equals r4, B(ra) =~ 3.7 x 10* Gs, that gives
E.,(eV) < 10'/sin . Moreover, the real effect should be even less, since
the ultrarelativistic proton is initially moving along B, and VHE ~v-rays
produced by 7% decay should be first emitted almost parallel to B.

4.1.4 Discussion

Although models considered in this subsection are rather rough since, for
instance, the strength of the surface magnetic field of the neutron stars is
not precisely known, the X-ray luminosity of the disk may be significantly
influenced by the inclination angle of the disk as well as by the X-ray emission
from the vicinity and surface of the neutron star, the calculations show the
order of magnitude of the effect and the energy regions where one can expect
marked attenuation.

Obviously, VHE ~-rays, if observed, have to be produced at sufficiently
large distances from the neutron star so that vy-rays can escape without pair
creation in the magnetic field and radiation field of the infalling matter. They
can neither be produced far away from the neutron star, which is implied by
the detection of pulsed TeV signals from several binaries like Vela X-1, Cen
X-3, and Her X-1 (Chadwick et al. 1990). On the other hand, VHE ~-rays
absorbed in this way would produce a pair-Compton cascade which is able
to fill partially the absorption dip in the VHE 5-ray spectrum, although such
a cascade in a strong magnetic field will significantly differ from that in free
space. Another possibility is photopion production on these same photons.
The VHE ~v-ray photon producing by proton could escape freely passing
through a region with background photons of lower energy and density as the
radiation field is essentially anisotropic. Besides, the photopion production
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16 . V. MOSKALENKO
reaction is more effective from the viewpoint of energy conversion.

4.2 PROPAGATION AT THE BINARY SYSTEM

The space around a binary system is filled with IR, visible, and UV radiation
of the companion star and the gas shell around the system. The uniform and
isotropic photon field of a gas shell, if it exists, leads to some attenuation
and a weak orbital modulation of the observed flux of «-rays, while the
approximately radial photon field of a companion star leads to a significant
modulation effect and could possibly be the principal cause of the observed
~-ray periodicity connected with orbital motion.

4.2.1 Absorption Due to the Cocoon Photons

The absorption of high-energy v-rays from Cyg X-3 in its own IR photon
field was considered by Apparao (1984) and Protheroe & Stanev (1987b).
The IR emission of Cyg X-3 is variable. The 4.8 hr periodicity is not always
detectable, although a DC and a modulated component can be usually sep-
arated. The IR spectra of Cyg X-3 indicate presence of a strong stellar wind,
which is optically thick in the IR, up to well outside the system (van Kerk-
wijk et al. 1992).

The cocoon model was first proposed by Milgrom (1976) and Milgrom &
Pines (1978) to account for the similar shape of the IR and X-ray modulation
of Cyg X-3. The central X-ray spectrum is degraded by absorption and
scattering through a hot (7 ~ 10° K) and thick (1 g/cm?) spherical gas
shell at a distance, Ry =~ 10'? cm, large compared to the orbital separation.
The X-rays heat the cocoon, which emits in the IR by bremsstrahlung.

Assuming that the DC component (the flux F' ~ 10 mJy at 2.2 pm) is
thermal in origin and is due to heating of diffuse matter of typical dimensions
2Ry surrounding or nearby the Cyg X-3 system, its temperature could be
estimated (Protheroe & Stanev 1987b)

F(2.2 ym) <RO>—2 < D )2
T>10°K ———~ [ — 11
- 10 mJy \Rg 10 kpc/ ' (11)

where D is the distance to Cyg X-3.

Using R > 11Rg gives the effective temperature T < 10* K. No signif-
icant absorption in TeV ~v-rays will be seen under such conditions. If the
emitting region would be confined to the dimensions of the binary system,
which is estimated to be about 10'"' cm, the optical depth would reach of a
few 1.

4.2.2  The Orbital Modulation

The effect of the companion star radiation on the shape of the light curve
of Cyg X-3 in the TeV region was first noticed by Protheroe & Stanev
(1987b). The absorption expected as a function of the orbital phase has been
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TEV EMISSION FROM CLOSE BINARIES 17

calculated. It was assumed that high-energy protons are produced near the
neutron star and interact in target material to produce v-rays. Those ~-rays
that are travelling in a cone around the orbital axis with an half-angle equal
to the inclination of the system (assumed to be 60°) may be observable
at Earth. A 3.95Mg helium companion star, a 1.4Mg neutron star, the
~ 2.5Rg binary separation, and a circular orbit have been assumed. The
optical depth calculated at orbital phases ¢ =~ 0.25 and 0.63, taking into
account the helium star temperature 5 x 10* — 10° K, was found to be too
high, while the observation of TeV ~-rays at the phases (Fig. 5) implies that
the optical depth is unlikely to be much in excess of one at these phases.

A more detailed analysis, taking into consideration the orbital ellipticity
was independently performed by Moskalenko et al. (1991b, 1993a,b). It was
first applied to the Cyg X-3 system, and then to other close binaries detected
as TeV sources (Moskalenko & Karakula 1994).

The main simplifying assumption in this model is that photons emitted by
the companion star travel radially outwards from its surface. It was chosen
because of the following reasons:

— it is correctly gives the number density of soft photons;

— for distances large enough, it is a close approximation. For regions closer
to the star, the surface element of the star nearest to the VHE photon
is the one contributing the most to the local flux. The absorption prob-
ability calculated is close to the exact one even in the vicinity of the
companion star;

— the practical reason is that calculations are essentially simplified.

The number density of the soft photons from a companion star per energy
interval at any point (d,cos«) is approximated by

d]V
de

(e,cosv) = (120)2 @5@08’& — cos a), (12)

where the Z-axis is directed to the observer (see Fig. 10), d is the distance
from the star, av is the polar angle, ¥ is the angle between the Z-axis and the
direction of a photon, ¢ is the Dirac function, n(e) is the energy distribution
of black-body photons (eq. [5]) at the companion’s surface, and R. is the
effective radius of a companion star at which the number density of photons
is equal to the Planck density.

The flux of VHE gamma-rays at the observer’s position I,;5; would be

Lobs (Ey) = Io(Ey)exp(—Tyy (Ey)), (13)

where [y(F,) is the original flux of 7-rays of energy FE. escaping from
the region of their production. The optical depth is given by an integral
Ty (Ey) = fdﬁ% (eq. [4]), which is taken along the line of sight from
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18 1. V. MOSKALENKO

near the source region to an observer. Here the inverse mean free path of
Z-directed vy-rays at the point (d, cosa) is given by

dTyy

dz

4R [0 5 [ n(e) 2¢?
(E’Y) = E,%dZ A@ dSc U’y’y(gc)gc /E%/Ev dS 5—26( —EE’Y—COSOA). (14)

If a neutron star orbit is elliptical, the orbital phase corresponding to an
angular position % is calculated as

1 L
o= gemp | @), (15)

where @ is the semi-major axis of the orbit, b = a(1 — €) is the semi-minor

axis, € is the eccentricity, r(y) = 1_4‘;5% is the distance from the neutron
star to a companion star, w is the longitude of periastron (Figure 10 shows
the negative direction of the w-angles), and the choice ¥ = 0 corresponds to
the neutron star lying behind the companion.

Fig. 11 shows the calculated phase of the VHE radiation versus eccentric-
ity for some longitudes of periastron w and for an inclination angle ¢ &~ 90°.
The phase of the radiation assumed corresponds to the position of the neu-
tron star in front of the companion. The largest or smallest phase of the
~-ray maximum is reached when the major axis of the orbit makes a right
angle to the line of sight (w = 0 or 180°). Obviously, the exact phase of
the maximum, which can differ from the calculated one, depending on the
distribution of matter around the neutron star and geometry of a particle
beam.

In Fig. 12 the optical depth is shown as a function of sin¢ X cos for
~-rays of 0.1, 1, 10 and 100 TeV. The calculations were carried out for a
circular orbit and two temperatures of a black-body photon field, kT = 3
eV and 4 eV. The other parameters are R, = 1 x 10*%2 cm and a = 2 x 10'2
cm. As illustrated, there is no absorption, 7,,(/,) = 0, only for the case
sin¢xcos = —1,i.e., where the observer is in the orbital plane (7 = 90°) and
the neutron star lies between the companion and the observer () = 180°).
In the other positions of the neutron star a pair-Compton cascade will more
or less effectively develop in an anisotropic radiation field of the companion.

The attenuation effect in close massive binaries is more pronounced in
the TeV energy range. A near black-body spectrum of OB supergiants has
an effective temperature of some 3-4 eV (Allen 1973), that corresponds to
the absorption maximum at 1-10 TeV as the cross section of pair production
vy — ee has a sharp maximum near the threshold. Thus, the TeV ~-rays
should only be observed if their source lies between the companion star and
an observer. In such a system VHE ~-rays are most probably produced near
the neutron star.
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The model described, has been applied (Moskalenko & Karakula 1994) to
the well-known close binary systems, Vela X-1, Cen X-3, SMC X-1, LMC X-
4, GX 301-2,4U 0115463, 4U 1538-52, Her X-1, and Cyg X-3. Most of them
were reported as sources of TeV and/or PeV radiation and are sketched in
Fig. 1 (see also section 2). Light curves (/ys/1o, eq.[13]) for y-rays of 0.1,
1, 10 and 100 TeV were calculated (Fig. 13) under the assumption that the
neutron star emits y-rays at a steady level. The curves are given for the
parameter values, listed in Table II. For each system the maximum of the
light curve occurs at the same phase for various energies, but the form of
light curves is different. This effect results from the energy dependence of
the optical depth (see Fig. 12).

The systems with about circular orbits, Cen X-3, 4U 1538-52, SMC X-1,
LMC X-4, and Her X-1, show near symmetrical shape of the light curves,
while the other systems indicate noticeable asymmetry.

Light curves of two systems, Her X-1, and 4U 0115463, have broad
maxima. This is due to the fact that the companion star is relatively cold
(8000 K) as in Her X-1, or the binary separation in 4U 0115463 is too large
in comparison with the companion star radius. A weak orbital modulation
in the two last cases allows one to observe VHE ~-rays at almost arbitrary
phase if there are conditions to produce them, i.e., a particle beam and a
suitable target. Actually, VHE ~-ray emission from both systems is always
episodic and comes at random orbital phases (see sections 2.5 and 2.6). In
the case of the other binaries, the model does well restrict the phase regions
where such emission could be observed.

Vela X-1 and Cen X-3 are examples of systems, where VHE radiation is
coming at “forbidden” orbital phases. The orbital modulation of VHE emis-
sion from Vela X-1 was found to be very weak (see Fig. 3 and section 2.2).
The reason for the VHE ~-radiation being emitted at “forbidden” phases
remains a puzzle, although there is definitely some concentration of positive
detections at the “right” phases.

The VHE ~-ray flux of >0.25 TeV at phase 0.7-0.8 has first been reported
from Cen X-3 (Chadwick et al. 1990; North et al. 1989). This phase corre-
sponds to the neutron star in the vicinity of the ascending node. In the
context of the model, the appearance of TeV radiation is difficult to under-
stand in such a phase range. Even if the y-rays have been produced near the
neutron star, the attenuated flux from Cen X-3 at phase 0.75 is a negligible
fraction of the original one, about 4.33 x 10~'!, 6.1 x 10~'2, 1.87 x 1073
and 0.35 for E,= 0.1, 1, 10 and 100 TeV respectively. Recent re-analysis
by North et al. (1991b) has shown the VHE 7-ray maximum to be located
at the phase = 0.52 — 0.76 (Fig. 4), while a detailed search by Thornton
et al. (1991) covering the phase range 0.7-0.9 has not found any significant
evidence for the emission. These two results do not contradict the notion
that the gamma-ray maximum should be observed at phases of about 0.5
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(Fig. 13).

Systems Cyg X-3 and GX 301-2 show very similar light curves, the max-
ima are essentially shifted. This is due to the fact that their orbits are the
most eccentric and have very similar orientations.

Cyg X-3 is probably an example of a system with fast apsidal motion
P,,s > 30 — 60 yr (Ghosh et al. 1981; van der Klis 1990). In this case, the
transition of the phase of VHE emission from = 0.8 to ~ 0.6, observed at
the beginning of the 1980s (Fig. 5), may be connected with apsidal motion
in the system (Moskalenko et al. 1993b). If so, the eccentricity should be
> 0.4 (see Fig. 11), which agrees with other calculations (Ghosh et al. 1981;
Giler 1989). Observation of the second maximum at phase ~ 0.2 is difficult
to understand in the framework of the model.

4.3 INTERSTELLAR PROPAGATION

The Galaxy is almost transparent to high-energy vy-rays. The main absorp-
tion process is two-photon pair production, since even in the galactic plane
the interstellar medium constitutes a column density much less than one
radiation length. The importance of the 2.7 K blackbody photons from the
viewpoint of attenuation of «-rays via pair production was first discussed by
Jelley (1966) and Gould & Schreder (1966, 1967). The absorption probabil-
ity of high-energy radiation from a galactic source, Cyg X-3, by this process
was calculated by Gould (1983).

The mean free path is shown as a function of y-ray energy in Figure 14.
The process is most important for y-rays above 10'* eV. The minimum path
length is as small as ~ 7 kpc at ~ 10! eV. Such attenuation is negligible
for the TeV region.

5. Conclusions

As we can see, by virtue of absorption processes, the flux and phase of VHE
radiation depend strongly on the site of its production and the physical
conditions in the system, while the interstellar attenuation is negligible. One
more task is obvious now. It is to search for absorption features and other
irregularities in the VHE ~-ray spectra. They are expected to be observable
in relatively narrow energy bands and their detection would throw light
upon the origin of VHE ~-rays in binary systems. Otherwise, it would seem
very unnatural if the y-ray spectrum from a source could be described with
a simple power law. Certainly, the process of pair-Compton cascade would
somewhat smooth out this otherwise fairly clear picture.

The TeV region seems to be most important from the viewpoint of
studying emission processes and particle acceleration in the sources. And,
although the problem of data reliability remains a source of headache for -
ray telescope teams (since the vy-ray emission is always episodic and comes
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in at random phases), the TeV region is the energy region for which the
new Cherenkov technique, with improved sensivity and the possibility of an
accurate timing analysis, have already been developed. We may also note
some advance in the theory, in spite of that we can not predict a prior: what
and when we are expected to see in the VHE region yet. We are, however,
already able to identify the energy regions and phases where such VHE radi-
ation could wunlikely appear. Clearly, large progress has been made in this
field!

With the discovery of VHE ~-rays from cosmic sources, a new era has
actually started in astrophysics and particle physics. The study of this phe-
nomenon requires common efforts of traditional observational astronomers,
who study stellar evolution and mass transfer processes, specialists in X-ray
optics, who develop new satellite telescopes, and the experience of parti-
cle physicists, who are working with ground-based millisecond techniques.
Growing interest in the study of X-ray binary systems and technological
progress has made available excellent spectroscopic information over a vast
energy range, from radio and IR to X-rays, as well as accurate methods for
timing analysis in VHE ~-rays. All these provide the assurance that now we
can check our notions appeared at earlier stages of y-astronomy and it gives
us hope for further exciting discoveries in this field.
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Figure Captions

Figure 1: Schematic sketch, to scale, of the orbits and companion stars of
eight binary X-ray pulsars. The approximate mass of the companion star is
indicated below each orbit (after Joss & Rappaport 1984).

Figure 2: A comparison of the very different geometries of a low-mass X-ray
binary (Mopt/My; ~ 1/12) and a massive X-ray binary (Mopt/M; ~ 12).
The optical star (cross hatched) is in each case filling its critical Roche lobe.
The radial extent of the accretion disk around the neutron star (dotted) is
outlined nearby to scale. The dots mark the center of mass of the individual
stars, and crosses mark the mass centers of the systems (after Bradt &
McClintock 1983).

Figure 3: The signal strengths for each observation of Vela X-1 as a function
of orbital phase. The closed symbols indicate signal strengths that differ
more than one standard deviation from zero. The hatched areas indicate
the X-ray eclipse (after North et al. 1991a).

Figure 4: a) The signal strengths for each observation of Cen X-3 as a func-
tion of orbital phase (after North et al. 1991b). The closed symbols indicate
signal strengths that differ more than one standard deviation from zero. The
hatched area indicates the accretion wake. Also shown are the average signal
strengths in the wake (6.6 +1.3)% and out of the wake of (1.4+0.4)%. The
solid horizontal bar indicates those orbital phases where evidence for the
emission of TeV ~v-rays was found by the Durham group (Chadwick et al.
1990). The typical orbital phase coverage of an observation is £0.04. b) The
recent pulse period history of Cen X-3 including the periods for the in-wake
peak shown in Iig. 4a, for each year’s observation.

Figure 5: Orbital phase of y-emission from Cygnus X-3 (a) at energies below
100 TeV and (b) above 100 TeV (after Protheroe 1987).

Figure 6: Possible scenario of the VHE ~-ray production in X-ray binary
pulsars (after Hillas 1987). (a) Atmosphere of the companion acts as a target,
(b) an accretion wake, (c) a structure attached to an accretion disk.

Figure 7: Gamma-ray absorption length in thermal bremsstrahlung of the
accretion disk corona of temperature 107 and 6 x 107K (after Protheroe &

Stanev 1987b).

Figure 8: Transmission versus v-ray energy for the six binary systems con-
sidered (after Carraminana 1992).

ssrps.tex - Date: May 29, 1998 Time: 16:04



TEV EMISSION FROM CLOSE BINARIES 27

Figure 9: Her X-1 and 4U 0115463 spectra resulting from pair absorption
(after Carraminana 1992). Fluxes of photons are in arbitrary units; the tick
distances along the vertical axes represent factors of ten. The straight lines
show the input power law of slope 2.5, the dashed lines correspond to the
spectra found considering only the absorption of primary VHE photons. The
dashed-dotted lines are found when the pair-Compton cascade is taken into
account, their “waviness” is due to fluctuations in the simulated cascades.

Figure 10: Geometry of a close binary system (after Moskalenko & Karakula
1994).

Figure 11: Phase of VHE radiation against the eccentricity of the relative
orbit for some values of the longitude of periastron w (after Moskalenko &
Karakula 1994).

Figure 12: Calculated optical depth 7., against the product sin ¢ X cos 1, for
selected energies F,=0.1, 1, 10 and 100 TeV and two temperatures of the
photon field, kT = 3 eV (solid line) and 4 eV (dashed line) (after Moskalenko
& Karakula 1994).

Figure 13: The light curves of nine systems (after Moskalenko & Karakula
1994). The curves are £, = 0.1 TeV (heavy solid line), 1 TeV (solid line),
10 TeV (dashed line), and 100 TeV (dotted line). The values of parameters
are listed in Table II.

Figure 1j: Interaction length of y-rays for pair production in the microwave

background (after Protheroe 1986). Distances for a number of potential
sources are indicated.
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The source catalog (compiled by Weekes 1992).

I. V. MOSKALENKO

TABLE 1

Pulsars X-ray binaries Supernova remnants

PSR 0355454 Her X-1 Crab Nebula

PSR 0531421 Cyg X-3

PSR 0833-45 Vela X-1 Extragalactic

PSR 1509-58 Sco X-1 Cen A

PSR 1953429 SMC X-1 M 31

PSR 1937421 LMC X-4

PSR 1957420 Cen X-3 Cataclysmic variables

PSR 1855409  4U 0115463 AE Aqr

1E 2259458 AM Her
TABLE 11
The orbital parameters of the close binaries (after Moskalenko & Karakula 1994).
Object T kTY R. a e i w
(K)  (eV) (cm) (cm)
Cyg X-39 30000 4 1.0x 10" 20x10" 059 70°  —60°Y
SMC X-17) 30000 1.15 x 102 1.8 x 10!? 0 62° -
Her X-1% 8000 1.8  2.84x 10" 4.0 x 10" 0 85° -
4U0115+63" 25000 3 7.0 x 10" 447 x 10" 034 <70° 47.7°
Cen X-3 40000 4 853 x 10" 1.27 x 10 0.001  70° -
LMC X-4%) 40000 4 6.3 x 10" 85x 10" 0.006 68° -
Vela X-1 25000 3 2.17 x 10" 3.44 x 10"*  0.092  80° 152°9)
4U1538-527) 40000 4 1.0 x 10" 1.76 x 10> 0.07 70° 180°
GX 301-29 28000 3 3.1x10%  1.17 x 10" 047 70° —46°
Notes

Most of parameters are taken from Joss & Rappaport (1984), here T' is the temperature
of the visible star obtained from its spectral class, k7' is the effective temperature of the
companion’s surface, R. is the radius of the companion star, a is the semi-major axis of
the relative orbit, e is the eccentricity, ¢ is the inclination angle, w is the longitude of

periastron.

a) Bradt & McClintock 1983; Allen 1973. b) Effective temperature of the photon field of the
star including the effect of X-ray heating by the neutron star. ¢) parameters assumed by
Moskalenko & Karakula 1994. d) Giler 1989. €) also Deeter et al. 1981. f) also Makishima
et al. 1987. g) Deeter et al. 1987. h) Rappaport et al. 1978. i) Parkes et al. 1980; Kelley
et al. 1980; White et al. 1978. j) also Levine et al. 1993. k) also Levine et al. 1991.
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List of close binary systems (Nagase 1989; van der Klis
1989; Bhattacharya & van den Heuvel 1991).

TABLE 111

Object Prot Py L Type
(s) (days)  (erg/s)
Sco X-1 (0.005) 0.8 7x10° LMB
Cyg X-3 0.0126 0.2 8x10°" HMB
SMC X-1 0.717 389 5x10°® HMB
Her X-1 1.24 1.7 2x10°” LMB
4U0115463  3.61 243  3x10°" HMB(Be)
Cen X-3 4.84 2.09 5x10°" HMB
LMC X-4 13.5 1.41 4x10°%® HMB
Vela X-1 283 897 2x10°® HMB
4U1538-52 529 3.73 4x10°*® HMB
GX 301-2 696 414 3x10°® HMB

Notes

29

Prot is the rotational period of the neutron star, P, is the orbital period of the binary
system, L, is the X-ray luminosity. High-mass binaries (HMB) and low-mass binaries

(LMB) are marked, (Be) is the Be-star.
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